Branching morphogenesis
Introduction
Branching morphogenesis is a developmental process common to many organs (lung, kidney, pancreas, mammary and salivary glands), that is highly conserved during evolution, generating tree-like structures with a high surface to volume ratio. Human lung is formed by 23 successive branch generations, leading to at least 5 million branches that give rise to a final alveolar gas diffusion surface of 70 square meters in the adult. At early developmental stages (pseudoglandular stage), the lung is principally composed of three compartments: the epithelium, a unicellular layer forming the branches that continuously secretes fluid during development, the surrounding mesenchyme and the outer mesothelium. Mouse lung development begins at embryonic day 9.5 (E9.5), where a complex network of mesenchymal-epithelial 0925-4773/$ -see front matter Ó 2007 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2007.10.013 molecular interactions induces this structure Shannon and Hyatt, 2004) . Grafting experiments of pulmonary mesenchyme to tracheal epithelium, which normally does not branch, is able to induce supernumerary budding (Alescio and Cassini, 1962) , showing that branching of the epithelium is regulated by soluble factors expressed by the mesenchyme. Conversely, grafting of tracheal mesenchyme to distal lung epithelium inhibits the branching process (Wessells, 1970) . Moreover, these epithelialmesenchymal interactions are necessary to pattern blood vessels, lymphatics, cartilage, smooth muscle and other cell types resulting from mesenchymal differentiation, thus leading to lung functional efficiency. Advances in molecular biology have made possible the discovery of many of the key genes involved in this mechanism.
Fibroblast Growth Factor 10 (Fgf10), originally detected at a high level at E14 in the mesenchyme (Yamasaki et al., 1996) plays a critical role during lung development (Bellusci et al., 1997a; Park et al., 1998) . Fgf10 null embryos exhibit lung agenesis where the primordial buds are forming but are unable to branch (Sekine et al., 1999) . Fibroblast Growth Factor receptor 2b (Fgfr2b) knockout mice show a similar phenotype , suggesting that FGFR2b is a main receptor for FGF10. Moreover, FGF10 coated beads have been shown to have a chemotactic effect on embryonic mouse lung epithelium (Park et al., 1998) . FGF10 addition to embryonic mouse lung epithelium in culture also accelerated the rate of branching (Bellusci et al., 1997a) . FGF10 is dynamically expressed in distal mesenchyme clusters, in front of future new branches sites, acting on distal epithelium mainly via FGFR2b in vivo. However, it has been shown in vitro that FGF10 is also able to bind FGFR1b (Ornitz et al., 1995) . Thus, the proliferative and chemotactic role of FGF10 on epithelial structures is linked to branch formation. Interestingly, Fgf10 is a well-conserved functional ortholog of Branchless while Fgfr2b is functionally orthologous to Breathless in Drosophila tracheal morphogenesis (Sutherland et al., 1996) . Sonic Hedgehog (Shh) is expressed by the lung epithelium and has a mitogenic effect on the mesenchyme via its receptor Patched (Ptc) (Urase et al., 1996; Pepicelli et al., 1998; Bellusci et al., 1997b; Van Tuyl and Post, 2000) . Ptc transduction activates both the transcriptional repressor Smo (Smoothened) and Hip (Hedgehog interacting protein) that negatively regulate Shh expression and activity (Chuang and Mc Mahon, 1999) . Shh null mutation results in a profound pulmonary hypoplasia and a failure of tracheo-oesophagal septation. Shh À/À lungs exhibit a more widespread pattern of Fgf10 expression, as opposed to the spatially restricted pattern in normally developing lungs (Pepicelli et al., 1998) . SHH acts as an inhibitor of Fgf10 at the transcriptional level and is necessary to spatially restrict Fgf10 expression pattern so that branches may form as localized extensions of the epithelium. At the distal tip of the epithelium, where branching will occur, SHH is restricted by Hip, thereby de-repressing Fgf10 expression. Sprouty2 is an FGF10 inducible negative regulator of FGF receptor signaling and is expressed by the distal epithelium, in a complementary pattern to FgF10 (Hacohen et al., 1998; Mailleux et al., 2001) . The dyad Fgf10/Sprouty2 is thus a major coupling mechanism involved in the regulation of the branching process as an activator-inhibitor pair.
One of the key genes involved in the pulmonary vasculogenesis process is Vascular Endothelial Growth Factor (VEGF). Vegf is expressed by the distal epithelium and acts on mesenchymal cells via its receptor Flk1. VEGF triggers the proliferation of Flk1 positive cells that comprise the endothelial cell progenitors (Yamashita et al., 2000; Del Moral et al., 2006) . Lung morphogenesis is therefore ''coordinated'' by dyads of morphogenetic and inhibitory genes, including Fgf10/Sprouty2, Bmp4/Gremlin, Shh/Hip, and Wnt/Dkk1 that mediate epithelial-mesenchymal interactions to finely regulate the branching pattern.
However, lung growth is sensitive to variations of the context, including boundary conditions and internal pressure variations, which impact the genetically programmed branching pattern . During development, embryonic lung epithelium continuously produces a fluid into its lumen, thereby creating an internal pressure within the epithelial tubes. This pressure has been shown to play an important role in lung morphogenesis. Several studies showed that the occlusion of the embryonic trachea increases lung internal pressure by approximately twofold, leading to an acceleration of lung growth and branching morphogenesis, while conversely drainage of this fluid decreases lung growth and development in the fetal sheep lung (Alcorn et al., 1977; Blewett et al., 1996; Moessinger et al., 1990) . This effect has also been shown in murine whole-organ culture (Bullard et al., 1997) , where an impact on developmental gene expression such as Parathyroid Hormone (Pth) has also been reported (Cilley et al., 2000) .
Congenital Diaphragmatic Hernia (CDH) is a common developmental disease (1 over 2200 births), consisting of a failure of the closure of the diaphragm, leading to the entry of the viscera in the chest, which obstruct lung growth and eventually resulting in lung hypoplasia. Tracheal occlusion has been evaluated to reverse lung hypoplasia in developmental diseases such as CDH in the fetal sheep (DiFiore et al., 1994; Nardo et al., 1995) . Clinical studies have also been performed on human fetuses (Harrison et al., 2003; Deprest et al., 2004) with variable success, suggesting that tracheal occlusion could be a way to cure CDH patients.
To test how intraluminal pressure interacts with the lung developmental molecular pathways, we performed tracheal occlusion of E12.5 embryonic mouse lungs, by cauterization of the tip of the trachea, and observed the development of branching in culture for 48h. Our work suggests that at early stages of lung development, intraluminal pressure plays a critical role. The occlusion of the trachea induced a doubling in the branching rate and strongly affects lung developmental signaling pathways like the FgF10/FgFr2b/Sprouty2 pathway. We show that internal pressure regulates lung growth and branching rate by controlling Fgf10 expression level.
Results

Effect of tracheal occlusion on branch formation
E12.5 embryonic mouse lungs were carefully cauterized at the level of the tip of the trachea. The induced occlusion of the trachea leads to an increase of the intraluminal pressure because the distal epithelium produces a fluid that, due to the cauterization, cannot escape through the trachea. These lungs were cultured for 24 and 48 h and compared to nonoccluded lungs, kept in the same culture conditions, which were used as controls (Fig. 1A) . The average number of distal branches for control lungs before culture was 24 ± 5 (n = 21) and 25 ± 4 (n = 17) for the cauterized ones. Therefore, no significant difference existed in the number of distal branches between the two experimental sets prior to culture (P = 0.442). After 24 h of culture, the average number of newly formed branches was 20 ± 4 (n = 21) for cauterized lungs and 7 ± 2 (n = 17) for the control lungs (Fig. 1B) . Thus a 3-fold increase in the rate of branch formation was observed in cauterized lungs after 24 h of culture. From 24 to 48 h of culture, the average number of new formed branches was 33 ± 17 (n = 6) for the cauterized lungs and 15 ± 4 (n = 6) for the control. Cauterization led to a 2-fold increase in average of the number of new branches between 24 and 48 h of culture. Thus tracheal occlusion led to more than a doubling of the branching rate in comparison to control lungs. Therefore, a clearly marked phenotype was observed in cauterized lungs at 48 h. The total number of branches was doubled, as compared to controls and the branch diameter was concomitantly reduced by 30%, going from 92 ± 3 microns in control lungs to 72 ± 11 microns in cauterized lungs (Fig. 1C) .
However, the global size of the cauterized lungs remained similar to the control ones.
2.2.
Effect of tracheal occlusion on branch growth speed
To study the effect of the increase of intraluminal pressure on growth speed, we performed embryonic lung growth movies. Fig. 2 displays the different steps occurring during a branching event.
In order to measure the growth speed, we defined a length that we called L corresponding to the distance between the centre of the apex of a branch to the mesothelial capsule (the border of the organ). Three steps in the dichotomous branching process can be observed. During the first phase, the branch extends and grows toward the capsule ( Fig. 2A,  1-4) . Thus the distance L decreases over time. This is the elongation step. Then the distance L remains constant and the branch expands, acquiring a typical ''T'' shape. This phase corresponds to a stop step ( Fig. 2A , 5-8). There is a stopping distance called L 0 , at which branches cease to extend. Then the branch divides in two and the centre of the branch recedes. The distance L then increases corresponding to the branching step (Fig. 2A, (9) (10) (11) (12) .
The variation of the distance L in time allows us to distinguish between the phases of the branching process. displays the evolution of the distance L as a function of the culture time for a branch of a control lung. We measured the average branch growth speed in control and cauterized lungs during the different steps of the branching process (Fig. 2C ). During the elongation step, the average growth speed is 3 ± 1 microns/h for control lungs and 10 ± 2 microns/h for cauterized lungs. During the stop step, the average growth speed is 0.4 ± 0.4 microns/h for control lungs and À0.1 ± 0.8 microns/h for cauterized lungs. During the branching step, the average growth speed is 5 ± 1 microns/h for control lungs and 5 ± 2 microns/h for cauterized lungs. Thus cauterization principally affects the elongation step, which is more than three times faster in cauterized lungs as compared to control lungs (see Fig. 3 ).
The stopping distance L 0 is affected by the increase of intraluminal pressure and shortens of more than 50% (from 62 ± 8 microns in control lungs to 20 ± 4 microns in cauterized lungs). Hence tracheal occlusion leads to a 3-fold decrease of the stopping distance L 0. Thus, tracheal occlusion leads to branches growing out faster and closer to the capsule.
Effect of tracheal occlusion on cell proliferation
To determine if cell proliferation was involved in the occlusion-induced phenotype, phosphorylated Histone-H3 and phosphorylated ERK stainings of control and cauterized lung sections were performed (Fig. 3) . Histone H3 phosphorylation is a marker of chromosome condensation during cell mitosis, while ERK phosphorylation marks the activation by growth factors of the receptor tyrosine kinases involved in the Mitogen-Activated Protein Kinase (MAPK) pathway. A significant increase in lung cell proliferation was observed in cauterized lungs as compared to control lungs. Mesenchymal as well as epithelial cell proliferations were affected. In control lungs 7.59 ± 1.7% of epithelial cells and 8.63 ± 1.07% of mesenchymal cells were positive for phosphorylated Histone-H3 immunostaining ( Fig. 3A and B) . In cauterized lungs 13.1 ± 1.56% of To study the branching process, we defined a length L corresponding to the distance from the centre of the apex of a branch to the capsule (the border of the organ). This distance L is represented on image 1 of (A). Distinct phases can be observed during lung branch growth. From 1-4, the branch grows towards the capsule and the distance L decreases, corresponding to the elongation phase. From 5-8, the branch stops and its sides progressively dilate, corresponding to the stop phase. Finally, from 9-12, the branch divides in two and the centre of the branch apex goes backwards relative to the pleura and the distance L increases, corresponding to the branching phase. (B) The measurements of the distance L of a control lung branch. The elongation phase (in green), stop phase (in blue) and branching phase (in red) are clearly distinct. The measurements were fitted linearly and the average growth speed of each phase corresponds to the slope. (C) The average growth speed in each phase of cauterized and control lung branches. In the elongation phase, the average growth speed is 2.7 ± 1.1 microns/h for control lungs and 9.5 ± 2 microns/h for clamped lungs. In the stop phase, the average growth speed is 0.4 ± 0.4 microns/h for control lungs and À0.1 ± 0.8 microns/h for cauterized lungs. During the branching phase, the average growth speed is 5.1 ± 0.8 microns/h for control lungs and 5.0 ± 2.2 microns/h for cauterized lungs. The increase of internal pressure leads to a threefold increase in the elongation phase growth speed.
epithelial cells (1.8-fold increase) and 12.5 ± 1.4% of mesenchymal cells (1.5-fold increase) were phosphorylated Histone-H3 positive ( Fig. 3A and B) (all p < 0.05). Thus, both epithelial and mesenchymal proliferation rates were increased in cauterized lungs. Tracheal occlusion induced an increase in proliferation of the epithelium almost two times greater than in control lungs. Phosphorylated ERK staining showed a higher activation of ERK MAPK pathways in epithelial cells of cauterized lungs as compared to control ones. In control lungs 3.47 ± 1.04% of epithelial cells were positive for phosphorylated ERK staining whereas 16.21 ± 3.11% of epithelial cells (4.7-fold increase) were stained in cauterized lungs ( Fig. 3C and D) . Therefore, tracheal occlusion strongly affects lung cell proliferation, suggesting that the observed effect on lung morphogenesis involves pressure-sensitive growth factor pathways.
Effect of tracheal occlusion on gene expression
To test how key growth factor pathways known to be involved in lung branching morphogenesis may be modified by the increase of lung intraluminal pressure, we analyzed by semi quantitative RT-PCR the changes in gene expression induced by the cauterization. Analysis was done for Fgf10, Shh, Sprouty2 and Vegf expression (Fig. 4) , corrected to b-actin expression level. Fgf10 expression was increased by 53% after 48 h of culture in cauterized lungs compared to control lungs, Shh expression by 45%, Vegf by 37%, but Sprouty2 expression decreased by 27% in cauterized lungs compared to controls.
Thus tracheal occlusion of mouse embryonic lungs at early stages of development strongly affects expression levels of key developmental genes that are involved in the branching process (Fgf10, Sprouty2 and Shh) as well as in mesenchymal development and differentiation (Shh, Vegf).
Effect of tracheal occlusion on blood vessel formation
As shown by RT-PCR experiments, Vegf expression is increased by the increased intraluminal pressure. Blood vessel development was analyzed using Flk1 nlacZ/+ lungs staining using X-gal. E11.5 Flk1 nlacZ/+ lungs were dissected and cauterized before being placed in culture. After 24 h, cauterized lungs exhibited a significantly more developed blood vessel network with a higher number of capillary blood vessels and anastomoses as compared to control lungs (Fig. 5) . Thus, the increase of intraluminal pressure led to an acceleration of vascular development in the lung.
Analysis of Fgf10 and Sprouty2 expression by whole mount in situ hybridization
Semi quantitative RT-PCR showed that the increase of intraluminal pressure leads to an increase of 53% in Fgf10 expression and a decrease of 27% of Sprouty2 expression. We analyzed the effect of cauterization on the Fgf10 and Sprouty2 spatial expression using whole mount in situ hybridization (Fig. 6) . The increase of intraluminal pressure led to a striking change in the spatio-temporal expression of Fgf10. (A and B) . 7.59 ± 1.7% epithelial cells and 8.63 ± 1.07% mesenchymal cells were stained in the control lungs and 13.1 ± 1.56% epithelial cells and 12.5 ± 1.4% mesenchymal cells were stained in the control lungs. Phosphorylated ERK staining shows a similar increase in epithelial proliferation. 3.47 ± 1.04% of epithelial cells were stained in the cauterized lungs and 16.21 ± 3.11% of epithelial cells were stained in the control lungs (C and D).
The level of expression of Fgf10 was higher in cauterized lungs as compared to controls, thus confirming the RT-PCR results. Moreover in cauterized lungs, Fgf10 expression appeared more widespread in the mesenchyme around the epithelial branches and not only restricted to the distal mesenchyme as in control lungs. Whole mount in situ hybridization of Sprouty2 showed a decrease of its expression at the epithelial tips in cauterized lungs (Fig. 6 right) as observed with the RT-PCR experiments (see Fig. 4 ).
2.7.
Fgfr2-IIIb À/À embryonic mouse lung fails to respond to tracheal occlusion
The cauterization of the trachea of wild type mouse embryonic lungs at early stages led to a high increase in branch number. One key gene involved in the branching process is Fgf10. The increase of internal pressure induced a 50% overall increase in Fgf10 expression. A close relationship between pressure and FGF10 therefore seems to exist. In order to have a closer look at this pathway, we decided to perform tracheal occlusion experiments on Fgfr2-IIIb À/À lungs (see Fig. 7 ). FGFR2-IIIb is a transmembrane protein expressed by the epithelium, acting as a receptor of the mesenchymally expressed FGF10. Null mutants for Fgfr2-IIIb exhibit a similar lung phenotype to Fgf10 null embryonic lungs. Tracheal occlusion of the Fgfr2-IIIb À/À lungs as compared to controls led to a dilation of the primordial buds (Fig. 7) . This dilation is evidence of the increase of internal pressure caused by cauterization of the tracheal tip. However no new branches formed, indicating that the increase of internal pressure was unable, without the functional FGF10-FGFR2IIb pathway, to generate new branches (Fig. 7) . Thus tracheal occlusion did not rescue the Fgfr2-IIIb À/À phenotype. Therefore, FGF10 signaling is required both for branching per se as well as the response to intraluminal pressure.
Embryonic lung culture in presence of Fgfr2-IIIb antisense RNA
In order to further confirm that internal pressure affects lung branching morphogenesis via the FGF10/FGFR2B path- Blood vessel network appears more ramified and developed in cauterized lung as compared to control. The increase of intraluminal pressure by cauterization leads to an acceleration of blood vessel network formation and development.
Fig. 6 -Fgf10 and Sprouty2 whole mount in situ hybridization of control (left panel) and cauterized (right panel) lungs after 48 h of culture (lungs were put in culture at E12.5). As observed with RT-PCR, the Fgf10 expression is higher in cauterized lungs than in controls while the expression of Sprouty2 is decreased in cauterized lungs. In the control, Fgf10 is principally expressed in the distal mesenchyme in front of the growing branches. The cauterized lung displays a high increase of Fgf10 expression and a change in its localization, Fgf10 being more widespread in the internal mesenchyme and surrounds the newly forming branches.
way, we cultured cauterized wild type E12.5 lungs in presence or absence of antisense Fgfr2-IIIb RNA to block Fgfr2-IIIb expression. After 24 h of culture, Fgfr2-IIIb antisense RNA was added to the culture medium. The addition of oligodegoxynucleotides led to strong inhibition of the branching process (Fig. 8) . Lungs cultured in these conditions formed 2 ± 1 new branches from 24 to 48 h of culture, whereas cauterized lungs in control conditions formed 33 ± 17 new branches during this period. RT-PCR showed that the addition of Fgfr2-IIIb antisense in the culture medium lead to substantial inhibition of the expression of Fgfr2-IIIb. These results further support the necessity for FGF signaling to respond to increased intraluminal hydraulic pressure.
Fgf10 hypomorphic lung culture
Internal pressure and the FGF10/FGFR2B pathway therefore appear to be linked during embryonic lung branching morphogenesis. As an additional test of this hypothesis, we cauterized the trachea of Fgf10
LacZ/À embryonic lungs that express 70% lower levels of Fgf10 than wild type lungs and exhibit hypomorphic, significantly decreased epithelial branching. After 48 h of culture, we observed a 3.5 ± 0.2-fold increase in the number of branches for the wild type cauterized lungs. In contrast, cauterized hypomorph lungs exhibited a 2.4 ± 0.1-fold of increase in the number of branches (Fig. 9) . Thus, the 70% decrease of the level of Fgf10 expression in the hypomorph lungs induces a significant decrease in the number of branches formed in response to tracheal cauterization.
Discussion
Trachea occlusion leads to more than a doubling in branching rate and a threefold increase in elongation growth speed of the first few generations of airways in early embryonic mouse lung. This robust effect confirms the crucial role of internal pressure on lung development and growth speed. It also affects lung development globally as shown by the faster formation of the blood vessel network, implying that a global mesenchymal-epithelial-endothelial interaction network is affected. Hence, a modest (2-fold) increase of internal pressure leads to markedly accelerated growth and lung morphogenesis. Conversely, a decrease of internal pressure by draining of fluid leads to lung hypoplasia and to a decrease in branching rate (Alcorn et al., 1977) . Internal pressure can therefore control embryonic lung branching events, both by decreasing and increasing rates of branching. This suggests a compound effect on branching rate and lung development of internal pressure. Thus, for normal lung development, internal pressure has to be controlled and regulated. The main factors fixing pressure levels are epithelial fluid secretions and boundary conditions (presence of other branches, distance to the output, external pressure and laryngeal resistance). Moreover, previous studies on the effect of tracheal occlusion (Alcorn et al., 1977; Blewett et al., 1996) show that the net lung internal liquid hydraulic pressure (the difference between internal pressure and atmospheric pressure) increases by a factor of about 2-to 3-fold in lungs with occluded tracheas as compared to control ones. This increase of internal pressure corresponds closely to the average number of new branches per day obtained in our experiments. This result suggests that the branching rate and the epithelial growth speed vary roughly linearly with the gradient of pressure, within a physiological, non-traumatic range of pressure increase.
Key lung developmental genes such as Fgf10, Shh, Sprouty2 and Vegf are affected in cauterized lungs as compared to control ones. RT-PCR measurements were done on total lung mRNA, whereas Fgf10 mRNA expression is only restricted to clusters of distal mesenchyme cells and Sprouty2 is restricted to the distal epithelium, both representing a small subpopulations of all lung cells. In the same way, Shh as well as Vegf are only expressed by certain epithelial cells. Therefore whole lung RT-PCR might underestimate the real variations in mRNA production by averaging to total cells the variations in mRNA concentrations. Fgf10 and Sprouty2 whole mount in situ hybridizations confirmed the increase of Fgf10 expression and the decrease of Sprouty2 expression in cauterized lungs observed by RT-PCR experiments. The increase of internal pressure by trachea cauterization also leads to a change in the spatio-temporal expression of Fgf10, which appears more widespread around the branches, particularly internal ones, than in control lungs. Due to the link of Fgf10 expression with the internal pressure, the Fgf10 in situ hybridization could be interpreted as an indirect strain map in the mesenchyme, convoluted first by the kinetics of molecular expressions and by the staining dynamics. The increase in Shh expression, which has a mitogenic effect on mesenchymal cells, and together with increased Fgf10 expression, which is involved in epithelial growth, is coherent with the cell proliferation results. Both mesenchymal and epithelial cell proliferation are affected by the increase of intraluminal pressure. However, epithelial cell proliferation is increased more than mesenchymal cell proliferation in cauterized lungs as compared to controls. This differential cell proliferation may explain why there appears to be a differential effect on epithelial branching versus the apparent thinning of the mesenchyme. The global size (diameter) of the lungs does not increase in cauterized lungs in culture, however they are thicker. The percentage of the surface area devoted to epithelial branches increases, while epithelial lumen diameter significantly decreases and growth speed increases.
While Fgf10 expression is increased, the expression of its inducible inhibitor Sprouty2 is decreased as observed by RT-PCR and by whole-mount in situ hybridization. The net effect is likely a very important increase of net Fgf10 signaling. These variations in mRNA production suggest the possibility of regulation of primordial lung developmental genes via the intraluminal pressure. Vegf expression in lung cells has previously been shown to be positively affected by stretch (Muratore et al., 2000) . Tracheal cauterization experiments hence show that this effect can be observed on cultured embryonic lungs.
Mechanical forces can lead to changes in gene expression (Farge, 2003; Muratore et al., 2000) . However, little is known about genes able to induce Fgf10 expression and thus how internal pressure and cell shape or membrane deformation could regulate its expression. Fgf10 hypomorphic mouse lungs show defects in mesenchymal cell differentiation as well as in blood vessel networks, cartilage ring formation, and smooth muscle cell differentiation . This suggests that Vegf may possibly be induced directly by the FGF10 signaling pathway, implying that expression of these two genes could be linked. Such a correlation could be important to match lung epithelial growth with its vasculature (Del Moral et al., 2006) . through the FGF10 pathway. Moreover, the inhibition of Fgfr2-IIIb expression in cauterized lungs in culture, by antisense RNA, also halts the lung branching process. Thus, the increase in the number of branches observed in cauterized lungs is likely due to the mechano-sensitivity of Fgf10 expression. An increase of internal pressure leads to a higher stress in the distal mesenchyme and thus to an increase in Fgf10 expression and in the number of branches. This speculation is supported by cauterization experiments of Fgf10 lacZ/À embryonic mouse lungs. These lungs formed on average 40% less branches than wild type cauterized lungs, despite the same increase of internal pressure.
The link between FGF10-FGFRIII2b-SPRY2 and lung internal pressure gives an interesting clue in the complex process of lung branching morphogenesis. Cells are submitted to compressive and tensile stresses by the intraluminal pressure, which up-regulate Fgf10 expression. Compressive and tensile stresses are related to the mechanical properties of the tissue (compression is mostly transmural, while stretch is in-plane). An increase of internal pressure leads to an increased expression of Fgf10 and thus to accelerated epithelial growth speed, as observed in the trachea cauterization experiments.
We suggest that Fgf10 is regulated by lung internal pressure not only by affecting its production rate but also by changing its localization and thus its dynamic pattern of expression. Distal epithelial cells are continuously producing a fluid. This fluid induces pressure at the level of the branch tips. This pressure affects distal mesenchymal and epithelial cells and thus induces Fgf10 expression. By this mean, during epithelial growth, the pressure peak is always in front of the growing branch and Fgf10 is induced in front of the tip in a dynamic pattern, leading to branch growth.
To conclude, we were able by cauterization of the tip of the trachea to occlude it and thus to observe the role of internal pressure in mouse lung branching development at early embryonic stages in culture. Tracheal ligation at E12.5 leads to a significant increase in branching and global acceleration of lung growth and development. Variations of internal pressure affect the mRNA expression of key lung signaling pathways such as Fgf10-Fgfr2IIIb-Sprouty2, as well as Shh and Vegf. We observed an increase of the growth speed of lung branching morphogenesis that is clearly mediated by the FGF10-FGFR2B-Sprouty2 signaling pathway. (Gibco, Grand Island, NY) . The morning of the finding of the vaginal plug was designated E0.5. Lung primordials were isolated and placed on 8.0 lm Nuclepore Track-Etch membrane (Whatman) and cultured in 500 mL of DMEM F12 medium (Gibco, Grand Island, NY) supplemented with 50 U/ml penicillin/streptomycin and 10% fetal bovine serum. Dishes were incubated at 37°C and 5% CO 2 for 24 or 48 h.
4.
The tracheas of 21 lungs were carefully cauterized using a surgical cauterizer (Allegiance Healthcare Corporation) and compared to 17 non-cauterized lungs used as controls. Number of distal branches was counted for each lung of the two experimental sets, at t = 0 h, after 24 h, and again after 48 h of culture. In order to obtain the number of newly formed branches per day for each lung, the number of distal branches at 24 h of culture was subtracted from the number of branches when the lungs were put in culture, and the number of distal branches at 48 h was subtracted from the number of distal branches at 24 h.
4.2.
Phosphorylated Histone-H3 and phosphorylated ERK immunofluorescence Via standard protocol, slides were treated with different antibodies. Rabbit anti-phospho-Histone H3 was used at the dilution of 1:100, and rabbit anti-phospho-p44/42 MAPK (Erk1 and Erk2) was used at the dilution of 1:60 (Cell Signaling Laboratories). Cy-3 conjugated goat anti-rabbit (Jackson Immunoresearch Laboratories) diluted 1:200 were used as secondary antibodies. (All samples were mounted with Dapi-labeled Vectashield Ò and photomicrographs were taken). 4 control and 4 cauterized lung sections were analyzed.
Epithelial and mesenchymal cell counting were based on morphological appearance.
4.3.
Embryonic lung growth development movies E12.5 control and cauterized embryonic mouse lungs were put in culture during 48 h under the objective of a Leica Live Imaging inverted microscope in its chamber regulated at 37°C, 5% CO 2 and 100% humidity. The distance L, corresponding to the distance between the centre of the apex of a branch and the capsule, and its evolution during the time of culture was measured for 5 growing branches per lung movie. For each branch and for each step of the growth (elongation, stop and branching), the data of L as a function of time were fitted linearly. The slope of this fit gave the growth speed of a branch for each phase. These measurements were then averaged to give the average values of the growth speed in each step.
RT-PCR
After 48 h of culture, total mRNA was isolated from individual lung cultures using Trizol reagent (Invitrogen) following the manufacturer's instructions. Spectrometry was used to determine RNA concentration. Superscript first-strand synthesis system for RT-PCR (Invitrogen) was used to generate the cDNA. Semiquantitative RT-PCR was performed for b-actin, Fgf10, Shh, Vegf and Sprouty2. b-actin mRNA expression level was used for quantification.
The primers used for amplification were as follows: b-actin forward primer, 5 0 -GTGGGCCGCTCTAGGCACCAA-3 0 ; bactin reverse primer, 5 0 -CGGTTGGCCTTAGGGTTCAGGG-3 0 (predicted size 250 bp).
Fgf10 forward primer, 5 0 -CACATTGTGCCTCAGCCTTTCC-3 0 ; Fgf10 reverse primer, 5 0 -CCTGCCATTGTGCTGCCAGTTAA-3 0 (predicted size 505 bp).
mSprouty2 forward primer, 5 0 -TGTGAGGACTGTGGAAGTGC-3 0 ; mSprouty2 reverse primer, 5 0 -TTTAAGGCAACCCTTGCTGG-3 0 (predicted size 300 bp). Shh forward primer, 5 0 -GGAAAACACTGGAGCAGACC-3 0 ; Shh reverse primer, 5 0 -CCACGGAGTTCTCTGCTTTC-3 0 (predicted size 309 bp). Vegf forward primer, 5 0 -ATGTGACAAGCCAAGGCGGTG-3 0 , Vegf reverse primer, 5 0 -TGGCGATTTAGCAGCCAGATA-3 0 , (predicted size 300 bp).
4.5.
b-galactosidase expression E11.5 Flk1 nLacZ/+ embryonic lungs were cultured for 48 h, and incubated at 37°C in X-gal substrate solution until staining appeared as described in Hogan et al., 1994. 
Fgf10 Whole mount in situ hybridization
Fgf10 Whole-mount in situ hybridization was done as previously described (Winnier et al., 1995) . A 584 bp Fgf10 cDNA (Bellusci et al., 1997b ) and a 948 bp mouse Sprouty2 cDNA were used as template for the synthesis of digoxigenin-labeled riboprobes.
To determine relative expression levels in cauterized lungs compared with controls, the lungs were all processed in the same tube, for both Fgf10 and Sprouty2 in situ hybridizations.
4.7.
Fgfr2-IIIb Antisense RNA Digoxigenin-labeled riboprobes corresponding to the antisense RNA of the exon IIIB of the Fgfr2 gene were synthesized using a pBluescript IISK+ plasmid (Stratagene) containing the murine cDNA of this gene, as previously described (De Moerlooze et al., 2000) . The probe was generated using a DIG RNA labeling kit (SP6/T7/T3) (Roche) and introduced in the culture medium of cauterized lungs after 24 h of culture.
Fgf10
LacZ/À embryonic lungs LacZ/- (Kelly et al., 2001 ). Fgf10 LacZ/-mouse embryos were generated by crossing Fgf10 +/À mice with Mlc1v nLacZ-24+/À mice (Kelly et al., 2001 ). E12.5 Fgf10 LacZ/À lungs were isolated and the tracheas cauterized prior to being put in culture for 48 h. The total number of branches was counted manually when placed in culture after 24 and 48 h, and were compared to the number of branches counted in wild type cauterized cultured lungs.
Statistics
The data in the present study were expressed as means ± SD, and the significance of variances between means was evaluated by Student's t test and/or ANOVA. p values less than 0.05 were considered to be statistically significant.
